• Negative impacts of fresh wheat residue on canola were demonstrated in the lab.
T he effects of residual wheat (Triticum aestivum L.) biomass on rotational plants encompass a wide range of possible physical and chemical effects, including impacts on available soil moisture and light interception, as well as microbial activity and allelopathy. The potential effects of wheat residue on subsequent crops, soil health, and pest prevalence can be both positive and negative, as shown in studies on the effect of wheat residue on crops such as maize (Zea mays L.), Austrian winter pea (Pisum sativum L.), and cotton (Gossypium hirsutum L.) (Opoku et al., 1997; Huggins and Pan, 1991; Hicks et al., 1989) . But the effects of wheat residue on canola (Brassica napus L.), a crop increasingly rotated with wheat, have been less widely studied, though negative impacts have been reported (Bruce et al., 2005) .
One study looked at the effects of aqueous extracts of fresh wheat residue on canola germination and radicle elongation and reported differences in both wheat phytotoxicity and canola susceptibility, indicating that the effects of wheat allelopathy on canola may be cultivardependent (Bruce et al., 1999) . This is consistent with our knowledge of the genetic control of allelopathy, where allelopathic effects are generally attributable to the production and exudation of particular toxic chemicals that differ in concentrations among cultivars of the same species and are perceived with varying levels of susceptibility among cultivars of other species (Wu et al., 2001 (Wu et al., , 2003 . It is also known that plant allelotoxicity and suseptibility can vary with environmental growing conditions (Wu et al., 2001 ). The results reported by Bruce et al. (1999) showed that radicle growth of canola was more negatively affected by wheat residue than germination, similar to reports in other plants (Wu et al., 2001) . These results helped to establish that canola can be suseptible to the allelopathic properties of wheat residue.
Several studies have addressed this issue in the field. Bruce et al. (2005) reported negative impacts of wheat residue on emergence and growth of canola. They reported that the negative impacts were correlated with the size of the wheat stubble load, suggesting that areas with greater wheat growth and higher residue deposition rates from machinery would be more vulnerable to negative residual effects on canola. In that study, it was unclear whether the reported effects of wheat residue were chemical or physical. In another study, Bruce et al. (2006) found that negative impacts of wheat residue on canola were remediated by clearing stubble away from emerging canola seedlings, suggesting that poor growth of canola planted into wheat stubble may have been caused by physical rather than chemical factors. This study also observed slower emergence and elongated stems in canola planted into stubble, which is thought to be due to shading by the stubble that reduces the amount of photosynthetically active radiation and the red to far-red ratio of light reaching the emerging seedling.
Wheat can have a number of other residual effects as well, both beneficial and negative. Wheat stubble can intercept applied herbicides, potentially reducing the efficacy of weed control (Ghadiri et al., 1984) . Wheat residue extracts have been shown to inhibit seed germination and root growth of a variety of weed species (Liebl and Worsham, 1983; Steinsiek et al., 1982) , and the same impact may be observed on crop plants. Effects of decomposing wheat residue on soil pH seem to be minimal (Xu and Coventry, 2003) , but decomposing wheat residue has been shown to impact both the size and composition of microbial communities, which may help to increase soil organic matter content in the long term (Bastian et al., 2009; Ocio et al., 1991) . Additionally, Zavalloni et al. (2011) showed that soils treated with wheat residue had higher microbial C and N levels and lower soluble organic N than untreated soils, effectively decreasing the leaching potential of N in the soil.
Only several studies have investigated the potential for residual chemical effects of wheat to affect germination and growth of canola. Negative impacts of wheat residue on canola have been observed in the field, but it is not clear whether the effects were chemical, physical, or a combination of effects. A better understanding of the potential for residual allelopathic properties of wheat residue to impact canola is needed, especially as canola is expanding into new wheat production areas. Some of these areas, including the US Southern Great Plains region, differ in climate from traditional canola production areas and have wheat varieties bred and managed for those conditions (Adams et al., 2018; Stewart et al., 2018) . In the Southern Great Plains region, harsh environmental conditions (e.g., drought, heat) may increase wheat residue allelochemical concentrations, though degration and/or loss of those chemical may be rapid in typical environmental conditions during the summer fallow period. Laboratory and outdoor pot studies were conducted to better assess the risk of allelopathy. The objective of the laboratory study was to establish as baseline for potential allelopathic effects of fresh wheat residue on canola using a regional wheat cultivar. The objective of the pot studies was to determine if these effects would be observed in conditions mimicking typical field conditions and management.
MATERIALS AND METHODS

Laboratory Evaluation
A laboratory test was performed to evaluate the direct effects of fresh wheat residue on canola, through the evaluation of canola germination and radicle extension after exposure to aqueous wheat residue extracts. In preparation for making residue extracts, wheat residue from the wheat cultivar Gallagher was first ground to pass a 2-mm sieve in a Model 4 Wiley Mill (Thomas Scientific, Swedesboro, NJ, USA). Gallagher wheat residue, including material from three replicated field plots, was obtained from the 2017 "uniform wheat variety trial" conducted by Texas A&M AgriLife Extension at the Chillicothe, TX, site. Sterile polyethylene vials (VWR, Radnor, PA, USA) were loaded with non-sterilized distilled water and ground residue at concentrations of 0, 5, 25, 50, 75, and 100 g residue L -1 . The vials were kept at 25°C for 24 h, unagitated, and then extract solutions were isolated by passing the mixture through a 0.25-mm screen. Canola seeds, cultivar HyClass 225W (Croplan, Minneapolis, MN, USA), were washed two times by placing the seeds in a sterile, sealable container with distilled water and shaking for approximately 1 min by hand to remove seed treatment and any other chemical residues that may have interfered with treatment factors. Canola seeds were soaked in respective extract solutions for 3 h, following a procedure similar to Siddiqui et al. (2009) . Germination paper (Hoffman Manufacturing, Corvallis, OR, USA) was placed in plastic Petri dishes (100 × 15 mm) and wetted with 6 mL of extract solution. Twenty treated seeds per replication were placed in Petri dishes corresponding with extract solution concentration, with four replications in a completely randomized factorial design. The tests were conducted in a dark laboratory at an ambient temperature of approximately 25°C. Germination and radicle elongation rates were monitored on all seeds daily for 4 d using digital calipers (VWR Traceable Digital Calipers, Radnor, PA, USA), with germination defined as radicle extension of at least 1 mm. Distilled water was added to the dishes, as needed, based on visual inspections of the surface of the germination paper (i.e., lighter, non-reflective appearance). Replacement water (approximately 2 mL) was added to all dishes uniformly around the edge of the germination paper.
To determine the chemical and nutritional properties of the wheat residue extracts, two extract solutions were prepared following the same extraction procedure described above. The extracts were prepared at 50 g L -1 using Gallagher wheat from the Chillicothe and Abilene (described below). Chemical analysis was run by Water's Agricultural Laboratories (Camilla, GA, USA). For determination of the concentrations of non-nitrogen nutrients, ICP analysis was used. For NO 3 -N, the KCl-Cd reduction method by flow injection analysis was used. Soil pH was measured with a hydrogen probe.
Outdoor Pot Study
Two concurrent pot studies were conducted outdoor near Vernon, TX (34°05¢37.5² N, 99°21¢58.1² W), to evaluate impacts of wheat residue on emergence and early growth of canola. The experimental treatments included residue of 15 wheat cultivars, plus untreated (no residue) controls, tested in two soils in a completely randomized design. There were three replications per treatment combination, making a total of 96 pots per study. The studies differed in the source of the residues, which were collected from two locations of the 2017 Texas A&M AgriLife Extension uniform wheat variety trial: Abilene, TX, and Chillicothe, TX.
Wheat residue was collected at the time of harvest from three replicated field plots per wheat cultivar and thoroughly mixed. The cultivars chosen for evaluation come from a variety of sources and genetic backgrounds, including university and commercial breeding programs from Texas, Oklahoma, and Kansas. The following cultivars were used: Bentley, Gallagher, Greer, Jackpot, Long Branch, SY Grit, SY Southwind, T158, TAM 114, TAM 204, TAM 401, WB 4458, WB 4721, WB Cedar, and Zenda. The soils used in this study were a Miles loamy fine sand (fine-loamy, mixed, superactive, thermic Typic Paleustalf; 84% sand, 9% silt, 7% clay) from Lockett, TX, and a Grandfield fine sandy loam (fine-loamy, mixed, superactive, thermic Typic Haplustalf; 65% sand, 21% silt, 14% clay) from Chillicothe, TX. Bulk sample was collected from the top 25 cm of the soil. Soil samples were sent to Water's Agricultural Laboratories (Camilla, GA, USA) for nutrient analysis. For non-nitrogen nutrients, the Mehlich-3 acid extraction method was used, followed by inductively coupled plasma (ICP) analysis. For NO 3 -N and NH 4 -N, the KCl-Cd reduction and indophenol blue methods by flow injection analysis were used, respectively. Soil pH was measured on a 1:1 soil/ water mixture with a hydrogen probe.
The studies were established on 9 June 2017. Plastic pots with 3.8-L (1-gal) capacity were filled with soil, watered, and allowed to settle before adding residue to the surface of all treated pots. Screens were placed at the bottom of each pot to allow drainage without soil loss. Each pot was uniformly topped with 9 g of residue, an amount based on a residue density of 4935 kg ha -1 in the field, which was determined from the average residue density of samples collected from the Abilene location. The residue was cut into 2.5 cm long pieces. Coarse screen (2 mm) was placed on each pot to hold the wheat residue in place. The pots were placed in an outdoor holding area for the summer to mimic the field conditions of a fallow summer period. The pots were lightly sprayed with glyphosate (475 mL per 9.5 L water) in early July and mid-September to control weeds.
In early October, just prior to planting canola seeds, residue was removed from the soil surface to eliminate any physical effects of the residue on canola emergence. Canola seeds were planted on 5 Oct. 2018, coinciding with typical field planting dates for canola in the region. The hybrid cultivar Pioneer 46W94 (DuPont Pioneer, Johnston, IA, USA) was used. Sixteen seeds were planted per pot in a grid pattern, with spacing of 2.5 cm. Following planting, pots were moved to a greenhouse unit and emergence was monitored and recorded daily until 7 d after planting. The greenhouse system only controlled temperature (i.e., no supplemental light or other environmental controls), which was maintained at outdoor ambient levels, but was not allowed to decline below 1.5°C. Emergence was defined as shoot elongation of at least 1 mm above the soil surface. After the final emergence counts were taken, each pot was thinned to two representative plants per pot. At 40 d after planting, plants were cut at the soil surface, dried at 80°C for 4 d, and weighed. During the 40-d growing period, the pots were visually assessed for soil moisture and watered uniformly to maintain a moist surface, eliminating the potential for water stress to confound early growth results for canola. No fertilizer was added to the pots.
Statistical Analysis
For the statistical analysis of the laboratory study, SigmaPlot 14.0 was used for regression analysis to determine trends in germination and radicle elongation in response to varying residue extract concentrations. Second order polynomials were fit to both response variables. For the pot study, statistical analysis was conducted using the GLIMMIX procedure in SAS 9.4. In the statistical model, residue (wheat cultivar), and soil were considered fixed effects, and study was a random effect. Analysis of variance (ANOVA) was initially run with an interaction term for residue × soil, but no interaction was found, so the term was removed. CONTRAST statements were used to make orthogonal contrasts to compare each wheat cultivar individually and collectively to the control and to compare the soil type treatments to each other. All data were checked for compliance with the assumptions of normality and homogeneity of variance using histograms, Q-Q Plots, and plots of residuals. A probability threshold of 0.05 was used to determine statistical differences.
RESULTS
Laboratory Evaluation
Germination of canola was delayed by wheat residue extract (Fig. 1) . After 1 d following exposure to residue extract, the rate of germination was reduced by about 70% with exposure to the highest tested residue extract concentrations (75 and 100 g L ). A clear relationship with residue extract concentration was shown. Although the initial rate of germination was reduced by wheat residue extract, final germination percentages were minimally affected after 4 d (Fig. 1) . But the rate of radicle elongation was negatively affected by wheat residue for the duration of the 4-d data collection period (Fig. 1) . Further, the results show that the inhibitory effects of wheat residue extract on radicle extension increased with increasing concentration, similar to the impact of residue extract on initial germination. After 4 d, the average radicle length was 45% less with exposure to a residue extract concentration of 100 g L -1 relative to the control. The relationships between germination and radicle elongation with residue concentration on the days they were most affected are shown in Fig. 2 .
Outdoor Pot Study
Temperature and precipitation data during the period when pots were placed outside are shown in Fig. 3 . Temperatures were average for the time of year and rainfall was generally average, with the exception of final days of the project period, during which rainfall was above average. Based on the Texas A&M University Soil Testing Laboratory's recommendations for canola, both soils were low in N and slightly low in P (Table 1) . Nutrient contents and pH of wheat residue extracts were analyzed to provide an indication of nutrients that may have leached from residue in the pots and made available to growing canola plants. Analysis was performed for Gallagher wheat, collected from the Chillicothe and Abilene locations, and the results are summarized in Table 2 . Based on this test, the extracts from the two wheat residue sources had similar nutrient contents and pH. Overall, wheat residue had no effect on emergence of canola (Table 3) , with no differences between the two soils (Table 4) . Emergence was only reduced with application of residue from one wheat cultivar (TAM 401), with 87.5% germination compared with 96.9% in the control. Early growth of canola, however, was affected by wheat residue. Dry matter biomass was greater than the control following soil cover, with 13 of the 15 wheat residue cultivars tested (Table 3 ). The average biomass of canola (40 d of growth) planted in soil with residue was 2.87 g plant -1 compared with 2.33 g plant -1 for the control pots, which was a 23% increase. Soil type also had an impact on early growth. Plants had a higher biomass in the fine sandy loam soil compared with those planted in the loamy fine sand (Table 4 ). Canola planted in the fine sandy loam had an average biomass of 0.68 g plant -1 greater than those planted in the loamy fine sand.
DISCUSSION
In the laboratory study, canola germination was only impacted in the short-term by wheat residue extract, while radicle elongation was persistently affected over the 4-d period of measurement. The impacts on both germination and radicle extension increased with increasing residue extract concentration. These results are consistent with findings reported for other crops, in which larger impacts of wheat residue extracts have been observed on seedling growth than on germination, with the magnitude of the impacts dependent on residue extract concentration (Wu et al., 2001) . Bruce et al. (1999) found similar results in a laboratory study, in which leachates of wheat residue had no effect on final germination of canola, but had a negative effect on radicle elongation. If a delay in germination and weak radicle elongation were realized in the field, crop emergence may be delayed or lack vigor, subsequently leading to poor or uncompetitive crop growth and high seedling mortality. Although the results from Table 4 . Emergence and early biomass production of canola, pooled by treatment and control pots, presented by soil. Results of statistical contrasts are given between the treatment and control pots.
Contrast statements
Emergence Biomass % g plant ) from both residue sources, Chillicothe and Abilene.
Parameter
Wheat residue extract Chillicothe
Wheat residue extract Abilene the laboratory study demonstrate the negative impacts wheat residue can have on germination and radicle elongation of canola, similar negative effects are not expected under typical field conditions in the Southern Great Plains region, as explored further in this section. In the pot study, wheat residue did not affect canola emergence, with minimal variation among the 15 wheat cultivars tested. It is important to note that the studies were conducted outdoor to mimic field conditions: the wheat residue was placed on the soil surface for the duration of the summer fallow period. It is also important to note that the residue was removed just before planting, which was done to isolate any treatment effects to chemical effects of the residue, rather than physical effects. The lack of negative impacts on canola emergence in this test corroborates the findings of Bruce et al. (2006) , wherein it was concluded that negative impacts on seed emergence associated with wheat residue were likely physical rather than chemical impacts. Given these findings, mechanically moving stubble out of the seed row at the time of planting would likely be sufficient to avoid negative impacts on canola emergence.
The lack of allelopathic impacts of wheat residue on emergence of canola, in this study and others, may be due to at least three factors: degradation or deactivation of the wheat residue's allelopathic chemicals during the summer fallow period, soil moisture dynamics during the moisture imbibition and germination processes of canola seeds, and/or artifacts of experimental design. Several studies have shown a reduction in phytotoxicity as wheat residue decomposes (Guenzi et al., 1967; Kimber, 1967; Wu et al., 2001) . Chemicals from crop residues lose their phytotoxicity as they undergo a number of processes, such as leaching, microbial degradation, and soil adsorption (Wu et al., 2001) . In this study, phytochemicals in the wheat residue may have degraded, leached out of the soil, or been bound by soil particles over the summer, reducing or eliminating any impacts to canola seeds that were planted in the fall. Seed moisture imbibition dynamics may have played a role as well. When planted into an unsaturated soil, seeds imbibe water primarily as vapor to carry out the germination and emergence processes (Wuest, 2007) . In this case, any allelochemicals dissolved in water would either not be imbibed by the seed or taken up only in small quantities. Only in relatively wet soils would seeds be likely to imbibe enough water containing the dissolved allelochemicals from wheat residue, if present, to have a significant impact on germination and radicle elongation, experiencing effects similar to those seen in the laboratory. It is also important to point out differences between conditions in this study and what may be observed in the field. Because the wheat was not grown in the pots, the soil lacked wheat roots, which are known to contain allelochemicals similar to wheat shoots, thereby reducing allelochemical impacts relative to what may be observed in the field. The pots also contain a small volume of soil relative to the field, making leaching losses of allelochemicals out of the root-zone more likely.
There are several possible explanations as to why canola planted into soil following wheat residue application had greater early growth than with no residue. One possibility is contribution of plant-essential nutrients from wheat residue to the soil. The residue extracts, according to the short-term incubation in the laboratory, contained around 40 mg kg -1 NO 3 -N (Table 4) or 0.8 mg N g -1 of residue, suggesting that the residue could have contributed at least 7.2 mg N to each pot (~4 kg ha -1 on an aerial basis). Based on a biomass productivity of 3 g pot -1 (Table 3 ) and an estimated 3% N content of the biomass, 8% of the treatment plants' total N may have been derived from the residue, whereas this nutrient source was absent in the control. The estimate of 8% may be low, since the lab extracts were derived from short-term incubation, as opposed to the summer-long incubation of residue in the pots. But the estimate may also be high, due to N losses or immobilization over the summer. Residue-derived nutrients other than N, such as S and P, may have had an impact on early growth as well. Another possible explanation is that decomposing residue may have lowered the soil pH, making micronutrients like Zn and B more available (Bolan et al., 2003) . In dryland or rainfed conditions in the field, positive impacts of retained residue on soil moisture would also be expected (Dao, 1993) , but this impact was not a factor in this case. In this study, residue was removed before planting canola and the pots were all watered adequately to eliminate moisture-related differences between the control and treatment pots.
CONCLUSIONS
The results of these studies indicate that although the chemical properties of fresh wheat residue have the potential to negatively impact canola germination, emergence, and seedling growth, these inhibitory effects are not likely to be observed under typical field conditions and crop management in the Southern Great Plains region and perhaps in other regions. These results help to further solidify the conclusion reported by others that negative impacts of wheat residue on emergence and early growth of canola are likely physical impacts rather than chemical impacts. The simplest solution to avoid negative physical impacts may be mechanical removal of excessive wheat residue from the canola planting row. With removal of wheat residue from the row just prior to planting, our results indicate that positive, growth-promoting impacts of the residue may be observed.
